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(57) Abstract 

A hieh encrcy density capadtor incorporating a variety of cari>on foam electrodes is described. Hie foams, derived from 
the pyroly^of n^irdnol-fonnaldehyde and related polymers, are high density (0.1 g/ccl.O g/cc) electncally condUictive and 
have high surface areas (400 mVg-lOOO mVg). Capacitances on the order of several tens of farad per gram of ele«^ 
achiev^ THe preferred embodiment capacitor has two cells. In the upper cell (10), a solder-wettabl^^^^^^ and an adhe- 
sive metal layer (30) overiie an electrode (22). An electrode separator (40) lies ^^^en electrode (22) of^ ^^^^ 
and electrode (26) of the upper cefl (10). Solder-wettable layer (36) and adhesive layer (34) ov«lie electtode (26). A similar 
electrode (26) is shown in lower ceU (12). with adhesive layer (34) and solder-wettable layer (36) formed thereon. A ceU se- 
parator (24) Ues between electrode (22) of cell (10) and electrode (26) of cell (12). 
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SUPBRCJ^ACITORS BASED ON CARBOH FOAMS 
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The United States Government has rights in this 
invention pursuant to Contract Number W-7405-ENG-48 of 
the U.S. Department of Energy and the University of 
California for the operation of the Lawrence Livermore 
Hatioxial liaboratory. 

BACRGROUm) OP THE IMVENTION 

This invention relates to an electrolytic integrated 
capacitor device. More particularly, the present 
invention relates to the preparation of an electrolytic 
double layer capacitor capable of delivering very high 
specific power and very high energy density. Most 
particularly, the present invention relates to the use 
of high density carbon aerogel electrodes in a double 
layer capacitor. 



piafieript.- i»T. of thft Keiated Art 

As disclosed in Volume I of the conference 
proceedings of "An International Seminar on Double Layer 
Capacitors and Similar Energy Storage Devices-^ December 
9-11, 1991, Deerfield Beach, Florida, double layer 
capacitors are well known energy storage devices. 

Low density organic aerogels have known applications 
25 in high energy physics, chemical catalysis and ion 
exchange reactions. United States Patents 4,806,290, 
4,873,218 and 4,997,804 illustrate the preparation of 
such aerogels. 
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Tbe need exxsts » _„««rties to exxhance 



T «Iaal and chemical properties to exxlvance 
desirable physical and ch ^^^^ capacitor 

electrochemically and 
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g TTTffTT^ PT OF THF TTmiFPTQS invention is to 

.o^le layer =«=o^r fro» 
carbon foa« .Iwtrod... » 

^COna^le, '"-^^^'rft:.. Xn«,ra..on « for» 

?rr arLlHTusin, " 



35 



energy. 



^Bimi^rTPTT On ";^^^ ^^ftn4.r..ood ^ reference 

« r — orr-::::^. .^r.. - — 

^ nvo «arts throughout and wherein: 
denote like parts ^ a capacitor with 

Figure lA illustrates schematically a capac 

carbon aerogel electrodes. 
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Figure IB illustrates structural details of a 
capacitor having carbon aerogel electrodes according to 
the present invention; 

Figures 2A and 2B illustrate a multicell 
5 configuration of a capacitor according to the present 
invention. 

Figure 3 illustrates the charge/discharge 
characteristics in an inorganic electrolyte for aerogel 
electrodes according to the present invention; 

10 Figure 4 illustrates the charge/discharge 

characteristics in an organic electrolyte for aerogel 
electrodes according to the present invention. 

Figure 5 illustrates the variation in capacity of 
capacitors incorporating carbon aerogels according to 

15 the present invention with changes in composition of the 
aerogel . 

Figure 6 is a graph illustrating the electrical 
conductivity of carbon foams according to the present 
invention; and 

20 Figure 7 is a graph illustrating the variation of 

surface area with pyrolysis temperature for the carbon 
foams according to the present invention. 

pTjj ffrrP'^^'^^Q^ '^"^ PR gPBRRED EMBODIMENTS 

.25 Described herein is a high energy double layer 

capacitor that incorporates electrodes based on carbon 
foams. Also described are carbon aerogels having novel 
physical and chemical properties suitable for use as 
electrodes in such a capacitor. Finally, a process for 
30 manufacturing high density carbon aerogels is described. 

CoiimoneT>i- Fabrir ff Tntearation 

A capacitor according to the present invention has 

two or more conductoreC between which a potential 
35 difference exists. The conductors are separated by an 

electrically insulating material. In a typical 
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the conductors are electrically coxmected 
capacitor, rne ^omu^s. toown as 

with an external pover supply and are toown 

electrodes - 



- , a pair of Waoad .laotrodM 22, 26, mad. of 
^. « of a P*" ,i.c«oaa ..parator 40. 

L i:;o«.cax oo^...» ,o..a,e 

•*^/°.upexcapa.i«r acooxdin, « P«""* 

Tne sttp variety of elements, 

invention can be assembled fr^ a va^ety ^^^^ 

mn* referred eiabodiaents incorporate, 
^ preferrea electrical contacts to a power 

combinations, electrodes, electrxc ^^i^onmental 
=«mlv cell and/or electrode separators, envxronme 
TZTZ ln electrolyte, xn general, the elements are 
lefirlb^ lightweight and chemically stable wl^-^^^ 
: within tha .ia>anjapacitor. !l»a 

« tia elactroiyte «..a ^ .le«en« and 

fnllowino aiaeuaaion iascrlBaa ™» 
following ,^„eiwaeitor. tluit e^l^y 

tr«^ al^l^ea. Howavar, a suparcapacitor 
rrol ^,:i orr.ro,al/aa^,al ..^i.s, ..ac.^ 
^it,. i. alao conaidaraa to within the scop, of thi. 

"^rr" oonvantional do^X. i-." '^'"'TZ- 

«r^«tieallv measured in terms of pico 
capacitances are practically mea According to 

or micro-farads (pF or /»P, respectively) . Acco g 

present invention, in an integrated device capable 
r delivering very high specific 

«Bd very high power, referred to here as a 
n:ro;prtorcapa:it.no.a on tha ^ 

'^-T r r t.h«.r,:r^«.-r^"- 

rnrtrrcaxtn » .np.«.P.ci- 

«pahl. Of vaxy hi,h danaitia. i. poaai^la- 



wo 93/14511 



PCr/US93/00336 



- 5 - 

A Simple cell 10 consisting of two electrodes and an 
electrode separator is shown in Figures IB and 2A, 
discussed in detail below. 

The electrodes of the supercapacitor are desirably 
carbon aerogels. Compared to materials used in 
conventional electrodes, the aerogels are very 
lightweight, having densities between about O.3-0.9 

10 g/ce, and have high surface areas, about 400-1000 mVg- 
More generally, the densities are about 0.1-1.2 g/cc and 
surface areas are about 100-1200 mVg- These 
characteristics of the aerogel contribute minimally to 
the weight of the supercapacitor and, taken together 

15 with the aerogel's electrochemical properties, optimize 
its capacitance. Figures 3 and 4 illustrate the 
charge/discharge characteristics of a carbon aerogel 
having a R/C value of 50. In Figure 3, aerogel samples 
0.15 cm thick with surface areas of 1.58 cm* in an 

20 inorganic electrolyte were charged to 1.0 volts and 
discharged through a 500 milliohm resistor. The 
symmetry between the charging (upper curve) and 
discharging (lower curve) cycles indicates a high degree 
of reversibility of the device and its potentially long 

25 life. 

Other physical characteristics of the aerogels 
permit creation of very thin electrodes by conventional 
methods, with thicknesses ranging from fractions of a 
micron (Hm) to several millimeters (mm) . The preferred 

30 thickness of each aerogel electrode is between about 125 
and 2 mm. The electrodes may be formed by slicing 
the gels before or after solvent extraction followed by 
pyrolysis. Alternatively, these thin electrodes may be 
formed from the aerogel in several ways. In one method, 

35 thin layers with thicknesses greater than the desired 
thickness of the electrode can be sliced from an organic 
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= leather method involves slicxng tne w. 

xH P«.«rea — 
are formed- be formed from a lamination 

0 of gel l«y««- layer and am aerogel 

^y^ia consisting of » ,^i^.tio= of 

join.. is ai.„..!^a of t^e 

:^:rr:r:::^ a"ri.%ei ^ o^.— » 

^ »«iow in connection with Figure IB. 
discussed below in com. « supercapacitor 

in addition, the capacitance of a supe p 

- co^e"- - supercapaoitor. 

Figure 5 illustrates T»e v three carbon 

-°°-:"::ra::rrrrsn:r.::r.^i- 

aerogel formulations ^^^^ aerogels 

^™;":or™:oo"^r capacitance was 

rJ:^ .or 'aerogels having an ^^^^ ^ 
each aerogel formulation, -pacitance in«ea 
increasing electrolyte concentration. The ra 
xncreasing ej- ^r„^ the 0 - 5 IS range of 

increase was steepest for the 
30 electrolyte concentration. 

nil! r surface modification 

For certain applica-cioM * ;,«o-^iv,ea 

:rr- aerogel »se. as an 
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electrode can be increased. By binding, at the carbon 
matrix surface of tbe electrode, electroactive groups 
that can be reversibly reduced and oxidized, the energy 
storage capability of a capacitor may be increased, 
such an increase in energy storage capability or 
capacity is referred to here as "pseudo-capacity", 
distinct from electrolytic double layer capacity. The 
latter terms refer to the capacitance, in a double 
layer, at the interfaeial region, associated with charge 
accumulation at the interface of each electrode's carbon 
matrix with the electrolyte solution, and the subsequent 
charge separation of the ions of which the electrolyte 
is con^oBed. 

The term pseudo-capacity, on the other hand, refers 
15 to the capacitance associated with the attachment of 
surface groups, e.g., hydroquinone, that bear oxidizable 
or reducible components to the carbon matrix surface. 
Application of a potential through the electrolyte 
changes the oxidation state of the surface groups. For 
a given electrode/electrolyte system, this capacitance 
is in addition to double electrolytic layer capacitance. 
When the electrodes are composed of aerogels having 
particularly high surface areas, such as those according 
to the present invention, an electrochemical 
-formatting- step may be useful to ensure the stability 
of an organic electrolyte. At high voltages, the 
electrolyte can slowly decompose, causing the capacitor 
to "dry out- as the amount of electrolyte decreases. 
Decomposition of this type can be reduced by a careful 
charging/discharging procedure. One useful procedure 
involves the cycling of the electrode between zero volts 
and progressively higher potentials and then discharging 
the capacitor, while at the same time monitoring the 
charge efficiency. During this procedure, a uniform, 
35 nonporous overlayer, itself a decomposition product, is 
believed to form on the carbon matrix surface at the 
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with the electrolyte, iBhibiting further 
interface ^"^ "^^^^^^^^ oJhe cycling procedure is 
^.eaKdovn ^^r,,,,eiency approaches unity, 

continued untxl the charg interf acial surface 

!• .aia to be ■formattea ^ 

„ belie^a that . -■^'^r^^.^^ at tb. 

interface. „„h--ate/«e>4Hi« Soretetrafluoriie 

„.i=,aP«pyXe>,. «xbona«^ tbe de=o«.ositio= 

electrolyte sy»te» a. an exa p formation 

in„l«a t« X^'-o- -'JT^t^. t.e cycling 
.oai» "-^^^^ently^c^ rUfor. overlayer o. 

prooeaure, a '^"''^^^ ^ ^„i,-el«=t«>lyte 

::^.:nr:::.tTc^t.i.c.ar,e cyde. in^^t 

^^:.^t ^coapoaition of t.e electrolyte- 
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the electrodes 



to an 



Electrical contacts " ^ys. 

20 external power supply ^^^^^^^^^^^^tlow in connection 
specific e«bodimentB are dxscussed helow 

with Figures IB and 2A. 

^^"^^^^ .i.or may include either or both of two 
Thesupercapac=^or«ayincl ^^^^ 

TcLilLr^-es r^acent electrodes within 
el«!tricallT „<,nionlo conduction of 

indivianal capacitor cell, fro ^^^^^^ 

electricity. i .eparator. are 

30 inaulation ^^^^^^^ ntt:" rcon^ection «lt. 

discussed in greater detaiJ. 

Figures IB and 2A. 



T^Y? TonJTI rr.t t? 1 seal 

i. isolate the internal environment of the 
a^eLp^itrfro. anient condition., t.e individual 
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cells may be enclosed singly or in groups within an 
environmental seal 52, as illustrated in Figure 2B. 

B1 «>»-»-r-Qlvte 

5 The primary requirements of electrolytes used in 

supercapacitors according to the present invention are 
1) chemical stability; 2) low density (generally less 
than 2 g/cc); 3) relatively low viscosity (less than 4 
CP); 4) liquid over a reasonable range of temperature 
10 near ambient conditions; 5) commercially inexpensive; 6) 
environmentally safe; and 7) compatibility with carbon, 
some examples of inorganic electrolytes which may be 
used include water, ammonia, sulfur dioxide, phosphoryl 
chloride, thionyl chloride, sulfuryl chloride and 
15 mixtures of these electrolytes. Examples of organic 
electrolytes which may be used include propylene 
carbonate, ethylene carbonate, methylf ormate , 
dimethylsulf oxide. ethylene glycol sulfite, 
acetonitrile, tetrahydrofuran, 1, 2-dimethoxyethane and 
20 mixtures of these electrolytes. Generally, organic 
electrolytes allow for voltage increases about 3 times 
that for a water-based system but lower power by about 
an order of magnitude. 

Because power and energy of an electrochemical 
25 capacitor both increase to some extent with increased 
dissolved ion concentration within the electrolyte, it 
is desirable to have electrolytes which can dissolve 
large amounts of ionic salts. Depending on the 
electrolyte, a large amount of ionic salt can be greater 
30 than about 0.1 M to 16 M- Additionally, it is 

important that the ionic salt is stable, that is, is a 
nonreducible, nonoxidizable salt that is 
electrochemically stable with respect to the 
electrolyte. This requirement means that the salt has 
35 a reduction voltage below the electrolyte reduction 
potential and oxidation voltage above the electrolyte 
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^. t X mixed ionio salt or a salt mixed 
oxidation potentxal. A mixed xon .^^ 

an acid or ^ ^-^^ ^^^^^ :::^:,erg. density in 
electrolyte to op-.i.e .^eous-.ased 
the supercapacitor. Examp sulfuric, 

integxafd to iMOiporate the j^rtdaal 
contact b.t«e«. th. cell. «• jealins the 

p«c..s.. "Zc^rat. co^oneht. with 

of th. ^ r..l.t««>e o* th. 

:::r..~c:^rr"«r^: - - 

super P supercapacitor. 
Help prolong the life or the aerogel as 

1 4» •r.r-Avi.d.ad on one side or eac» 
power supply a-s provxaea on aerogel 

^■..^arred entoodiment, one side or an ^. 
in a preferred eina against a nonporous 

electrode is compression sealed collector. 

„etal or car.on ^^er^- ^^d ^ ^ ^^^^ 

ts a r::ult Of the application of 
eheet is formeo a» • 

pressure. „ „ »lt«matlve eid«.dl.ent for 

.ltt«tnt ocatact between portions of two 
..tablishin, ' 10, a soia«:- 

"v": 'a^a an a^tsl,.".etal layer ,0 o,.rll. 
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electrode 22 of the upper cell 10 and electrode 26 of 
the upper cell 10. solder-wettable layer 36 and 
adhesive layer 34 overlie electrode 26. A similar 
electrode 26 is shown in lower cell 12, with adhesive 
layer 34 and solder-wettable layer 36 formed thereon. 
A cell separator 24 lies between electrode 22 of cell 10 
and electrode 26 of cell 12. 

Metal layers 30, 34 may be deposited according to 
conventional methods such as sputtering, vapor 
deposition, and electroplating methods. The thickness 
of the adhesion metal layers should be greater than the 
maximum pore size of the aerogel to prevent ionic 
conduction across the aerogel of the electrolyte through 
the pores. Typically, thicknesses of 500A are adequate. 
15 The metals should- be chemically inert to resist 
corrosion by the electrolyte and provide good mechanical 
adhesion to the aerogel. Suitable metals include 
titanium, nickel, tantalum or alloys such as titanium- 
tungsten. 

20 Noncorrosive solder-wettable metal layers 32, 36 

such as gold or copper are deposited on top of the 
adhesion metal layers 30, 34. Layers of solder-wettable 
metal of about lOOOA or more may be deposited according 
to similar techniques described in connection with the 
25 adhesion metal layers. 

Positioned between the cells is a highly 
electrically conductive cell separator 24 that prevents 
ionic flow but permits electrical conduction between the 
electrodes. The cell separator 24 is preferably 
lightweight and has low density in order to minimise its 
weight contribution to the supercapacitor . In a 
preferred embodiment shown in Figure 2A^ the cell 
separator 24 is in the form of an o-ring having an outer 
diameter 24a larger than the diameter of the disk-like 
35 electrodes 22, 26 and an inner diameter 24b smaller than 
the diameter of the electrodes. The o-ring thickness 
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-Ki* The composition of the 
..oux. as ^ "^t^i:.,, that 1. is electrically 
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by the inner diameter z« .^.i^t ionic conduction 

„ an additional ^^^^^l^^, 3ep.rator, the 

:,etween the •^""^•j;,;"et,r.etically sealed .,ain.t 
electrode separator nay » cowosition of the 

^ electrode.. J-^^^^r.eal Ly be fomed hy 
,l«>trcae .ep«»tor, the be „i„n .ealing. 

con,«>tional nethods. •»°\ " consisting of 

Alternatively, for » „y be integrated 

„etal-plastic co«os.t.. t^JJ^ ^. .eal. 

^tt an electrode by """^^ electrodes i. 

specifically. , „elted ther.opla.tio flow. 

achieved by heating un«.l th ,^^^e. . The melted 

^ phy.io.lly ""-",^':„^e. to ionically i.olat. 
^.^pla.tic seals^^ el.^^ ^^^^^ ^^^^^^ 

them from one anotner 

conductivity. ^^^^ into account 

The selection of the sola selected as the 

i^4«r» of the thermoplastic sex^ 
the composition of tne ^ ^^^^ separator 

cell separator. ^""^^^^^^^^ point approKimately 
co»5.osed of polypropylene, ^^^^^^ leo'C 
-:;:n^r^o^rn::re:s::y heating i. avoided. 



wo 93/14511 



PCT/US93/00336 



- 13 - 

Melted solder flows in the well in cell separator 24 
formed by inner diameter 24b and connects the second 
electrode 26 with the cell separator 24 via 
solderwettaOjle layer 36 and adhesive layer 34^ so that 
5 electrical contact between the electrodes is 
established. 

By repeating these steps ^ additional cells composed 
of electrodes with similar layers, separators and 
electrical contacts may be created in order to form a 

10 multicell stack 50 (Figure 2B) that may be joined 
together for a high energy density supercapacitor 
device. The individual cells may have electrical, 
contacts prepared according to any of the previous 
embodiments . The intracell seal created by the 

15 electrode sepetrator 40 helps prolong the life of the 
device by preventing corrosion of the solder by the 
electrolyte since ionic conduction through the aerogel 
is prevented • 

In such a stack, individual capacitor electrodes are 

20 electrically isolated from one another by an 
electrically nonconductive, but ionically conductive 
electrode separator 40, as illustrated in Figures 2A and 
IB. Electrical nonconductivity is essential in order to 
maintain intracell voltage differences. In addition, 

25 the electrode separator 40 must be chemically stable 
with respect to the electrolyte and sufficiently porous 
to facilitate ionic conduction, a major component of the 
internal supercapacitor resistance. Suitable electrode 
separator materials include polypropylene, TEFLON™ 

30 (commercially available from DuPont Company), nylon, and 
glass fiber filter papers. 

Stacking of individual capacitor cells may be 
performed before or after the electrolyte is introduced 
into the cells. Introduction after stacking is 

35 preferred in order to avoid degrading the electrolyte 
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contact to be establish- to ...i 52 »a, 

„t sho«n. For-ation "'^^^ a cell or 

30 be «--'"*r."J';'tr-ert,d into a hot .eallng 
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Alternatively, the cells may be enclosed in a c-shaped 
thermoplastic form which is sealed to form a cylindrical 
environmental seal using a melted bead of thermoplastic . 
A supercapacitor is thereby formed and is ready for 
5 charging. 

PT-ftp«fatj ^n o-F Carbon Aeroael^. 

The process in general requires first that the 
reactants are mixed with a catalyst and may include the 

10 addition of metals. The reactants include resorcinol, 
phenol, catechol, phloroglucinol, and other 
polyhydroxybenzene compounds that react in the 
appropriate ratio with formaldehyde or furfural. 
Preferred combinations include resorcinol- furfural, 

15 resorcinol-formaldehyde, phenol-resorcinol-formaldehyde, 
catechol- formaldehyde, and phloroglucinol-f ormaldehyde . 

A gel formed by polymerization is then dried in a 
solvent exchange and extraction step. The resulting 
organic aerogel is then pyrolyzed in an inert atmosphere 

20 to form a carbon aerogel. 

Specifically, the process to prepare the gels of the 
present invention proceeds through a sol-gel 
polymerization of certain multifunctional organic 
monomers in a solvent, typically water, leading to the 

25 formation of highly cross-linked, transparent gels. For 
exaa^le, in a preferred embodiment, one mole of 
resorcinol (1 , 3-dihydroxybenzene) condenses in the 
presence of a basic catalyst with two moles of 
formaldehyde. Mildly basic catalysts such as sodium 

30 carbonate are preferred. In this polymerization, 
resorcinol is a trifunctional monomer capable of adding 
formaldehyde in the 2-, 4-, and/or 6-ring positions. 
The substituted resorcinol rings condense with each 
other to form nanometer-sized clusters in solution. 

35 Eventually, the clusters crosslink through their 
surface groups (e.g., -CHgOH) to form an aquagel. A full 
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aerogel hybrids may be produced by first evaporating 
under conditions promoting aerogel formation and 
completing the evaporation under xerogel-promoting 
conditions . 

5 one means for removing water from the water-based 

aquagel to form an organic aerogel is by extraction of 
the gel with a relatively lower surface tension fluid 
such as carbon dioxide. Because water is immiscible 
with liquid COj, the aquagels are first exchanged with an 

10 organic solvent such as acetone and then slowly dried 
inside a temperature-controlled pressure vessel. The 
critical point of carbon dioxide (Tg = 31 'C; Pq = 7.4 
MPa) is low enough to facilitate its removal without 
degrading the gel structure. The time required for 

15 supercritical drying depends on the thickness of the 
gel. 

In cases where the gels are of sufficiently high 
density, such as greater than about 40 wt% solids, the 
pore network may have sufficient inherent strength to 

20 withstand the drying process without resort to 
supercritical drying conditions. Thus, carbon dioxide 
may be bled from the vessel under nonsuper critical 
conditions. Nonsupercritical drying is particularly 
attractive because of reduced processing time. 

25 To maximise crosslinking and further increase the 

density of the gels, a cure cycle may be desired. 

Following the solvent exchange/extraction step and 
any cure cycle, the organic aerogel is typically 
pyrolyzed at elevated temperatures about 1050 'C in a 

30 conventional inert atmosphere of nitrogen, argon, neon 
or helium to form carbon aerogels. Other pyrolysis 
temperatures (600-2 100 'C) can be used to alter the 
surface area and structure of the carbon aerogel. For 
example. Figure 7 shows how the BET surface area, as 

35 measured by nitrogen gas adsorption, varies with 
pyrolysis temperature. In particular, higher surface 
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1 



resorcinol (R) 



12.35 12.35 12.35 



formaldehyde (37%) 17.91 17.91 17.91 

deionized and ,e i^ on ia lo 

distilled HgO 15.30 13.90 18.10 

sodium carbonate, 5.58 22.32 2.79 
15 O.IH (C) 



R/C 



200 50 400 



EXAMPLE 4 

A catechol-formaldehyde-based gel using the 
reactants listed below was prepared and cured according 
to the procedure used in Examples 1-3. The density of 
the resulting aerogel was about 0.4 g/ce. 

25 poar.t-«tttS (a^ 

catechol (R' ) 12.35 

formaldehyde (37%) 17.91 

deionized and distilled HgO 15.30 

sodium carbonate, O.IM (C) 5.58 
35 R' /C 



200 



40 EZ&MPLE 5 

Upon completion of the cure cycle, the gels prepared 
in Examples 1 throue^ 4 were removed from their molds 
and placed in an organic solvent, e.g., acetone. During 
a first wash, trifluoroaoetic acid was usually added to 

45 the solvent at a concentration of S 0.1 wt.% to promote 
additional crosslinking of the gels. With agitation. 
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vessel were then closed and the vessel was heated to 
50 -C. At this temperature, a pressure of 1800 psi was 
usually recorded. The pressure vessel was held at these 
conditions for a minimum of 4 hours, after, which time 
the pressure was slowly reduced by bleeding over a 
period of 8 hovirs while maintaining the jacket 
temperature at 50 'C. The resulting material was an 

organic aerogel - 

The aerogels produced according to the above- 
described process and Examples have continuous porosity, 
ultra-fine pore sizes (less than 100 nanometers (nm) ) , 
high surface areas (400 to 1000 mVg) and a solid matrix 
coi^osed of interconnected colloidal-like particles or 
polymeric chains with characteristic diameters of 10 nm. 
15 However, the properties of such aerogels may be tailored 
further according to the desired use by adjusting 
process parameters. For example, the density of the 
gels may be adjusted by altering the polymerisation 
and/or drying conditions to affect solid volume fraction 
20 and/or pore size. As discussed above, electrical 
conductivity may increased by the introduction of 
electrically conductive materials . In addition, aerogel 
surface area and functionality can also be increased 
through the proper selection of purge gases employed 
25 during the pyrolysis cycle. Oxidizing gases such as 
carbon dioxide and air can be slowly purged through a 
tube furnace at 600- 1200 'C to activate the aerogel or 
alter the reactivity/functionality of the aerogel 
surface area. While this activation process is used 
commonly to activate powdery carbon blacks, it is not 
typically used to activate bulk materials such as carbon 
aerogel monoliths . 

In summary, the capacitor according to the present 
invention achieves very high energy density by 
incorporation of high density carbon aerogel electrodes 
and utilization of lightweight packaging techniques. 
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CIAIMS 

tji^p<- Which Tp (7,1,,atiiiea Is; 

1. A capacitor having an electrode comprising a 

carbon foam. 

2. An electrode comprising a carbon foam derived 
from the pyrolysis of mixtures consisting of resorcinol- 
furfural, resorcinol- formaldehyde, phenol-resorcinol- 
formaldehyde, catechol- formaldehyde, and phloroglucinol- 
formaldehyde, the foam having a density of between about 
0.1 g/co to about 1.2 g/cc and a surface area of between 
about loa mVg to about 1200 mVg- 

15 3. An electrode according to Claim 2, wherein the 

carbon foam is an aerogel. 

4. An electrode according to Claim 2, wherein the 
carbon foam is a xerogel. 

20 

5. An electrode according to Claim 2, wherein the 
carbon foam is a xerogel-aerogel hybrid. 

6. An electrode according to Claim 2, wherein the 
25 carbon foam comprises an electrically conductive 

additive. 

7. An electrode according to Claim 2, wherein the 
carbon foam comprises a formatted carbon matrix. 

30 

8. An electrode according to Claim 2, wherein the 
carbon foam includes electroactive surface groups. 

9. An electrode according to Claim 2, wherein the 
35 carbon foam comprises an activated carbon matrix. 
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AA^na to Claim 2. vberein tUB 
,0. electrode accor^. J- 
foam comprises a 

„^ri.i»g » c"'^-' '°"'„^„r disposed 
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iaat:erial . 

4 <^ Claim 11/ wherein the 
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carbon foam oi w 

aerogel. 

. Claim 11/ wherein the 
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carbon foam ox 
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of the second electroa 
carbon foam ox 
aerogel-xerogel hybrid. 
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carbon foa» ^ 
formatted carbon matrxx. 

wn«a to Claim 11, wherein the 

carbon foam 

electrically conductive aoa 
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17 A capacitor according to Claim U, wherein tHe 
carbon foam of the second electrode comprises a carbon 
matriJc having electroactive surface groups. 

5. 18 A capacitor according to Claim 11, wherein the 

carbon foam of the second electrode comprises an 
activated carbon matrix. 

19 A capacitor according to Claim 11, wherein the 
la capacitor further comprises a metal layer, the layer 
being disposed on the second electrode to establxsh 
electrical contact. 

20. The capacitor of Claim 11, wherein the first 
15 electrode comprises a carbon foam. 

21 A capacitor of Claim U, wherein the second 
electrode comprises a carbon form derived from the 
pyrolysis of mixtures consisting of resorcinol- 
20 furfural, resorcinol-formaldehyde, phenol-resorcxnol- 
formaldehyde, catechol-f ormaldehyde, and phloroglucinol- . 
formaldehyde, the foam having a density of between about 
a.l g/cc to about 1.2 g/cc and a surface area of between 
about 100 mg/g to about 1200 m^/g. 

22. A capacitor, the capacitor comprising: 

a) a plurality of cells, each cell comprising: 

i) a first electrode, the first electrode 
comprising a conductive material; 

ii) a second electrode, the second electrode 

comprising a carbon foam; and 

iii) an electrode separator disposed between 
the electrodes, the electrode separator comprising an 
electrically nonconductive, ionically conductive 

35 material; and 

b) an electrical connection between the cells. 
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27 A capacitor according to Claim 24, wherein at 
least one of the electrodes comprises a carbon aerogel- 
xerogel hybrid. 

28 A capacitor according to Claim 24, wherein at 
least one of the electrodes comprises a formatted carbon 
matrix • 

29. A capacitor according to Claim 24, wherein at 
least one of the electrodes comprises an electrically 
conductive additive- 

30. A capacitor according to Claim 24, wherein at 
15 least one of the electrodes comprises a carbon matrix 

having electroactive surface groups. 

31. A capacitor according to Claim 24, wherein at 
least one of the electrodes comprises an activated 

20 carbon matrix. 

32 A capacitor according to Claim 24, wherein the 
capacitor further includes an environmental seal 
disposed around the cells to provide protection agaxnst 

25 ambient conditions. 

33 In a process for preparing high density carbon 
aerogels derived from the pyrolysis of organic aerogels, 
the improvement comprising: 

30 a) exchanging the gel with a solvent under 

predetermined nonsupercritical temperature and pressure 

conditions; and 

to) extracting the gel under predetermxned 
nonsupercritical temperature and pressure conditions to 
35 form an aerogel. 
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